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Abstract: 23
Plants are continuously exposed to environmental perturbations. Outcrossing annual plants 24
can adapt rapidly to these changes via sexual mating and DNA mutations. However, 25
perennial and clonally reproducing plants may have developed particular mechanisms 26 allowing them to adapt to these changes and transmit this information to their offspring. It 27 has been proposed that the mechanisms allowing this plasticity of response could come in 28 the form of epigenetic marks that would evolve throughout a plant's lifetime and modulate 29 gene expression. To study these mechanisms, we used apple (Malus domestica) as a model 30 perennial and clonally propagated plant. First, we investigated the DNA methylation patterns 31 of mature trees compared to juvenile seedlings. While we did not observe a drastic genome-32 wide change in DNA methylation levels, we found clear changes in DNA methylation patterns 33 localized in regions enriched in genes involved in photosynthesis. Transcriptomic analysis 34
showed that genes involved in this pathway were overexpressed in seedlings. Secondly, we 35 compared global DNA methylation of a newly grafted plant to its mother tree to assess if 36 acquired epigenomic marks were transmitted via grafting. We identified clear changes, albeit 37 showing weaker DNA methylation differences. Our results show that a majority of DNA 38 methylation patterns from the tree are transmitted to newly grafted plants albeit with 39 specific local differences. Both the epigenomic and transcriptomic data indicate that grafted 40 plants are at an intermediate phase between an adult tree and seedling and inherit part of 41 the epigenomic history of their mother tree. 42
Introduction 45
Epigenetic regulation of gene transcription is implemented by several covalent 46 modifications occurring at the histone or DNA level without affecting the DNA sequence 47
itself (Holliday and Pugh 1975) . These modifications are termed epigenetic marks and can 48 change throughout plant development. Some newly acquired epigenetic changes can also be perennials including the Acacia genus, Eucalyptus globulus, Hedera helix, Quercus acutissima 139 (Wang et al. 2011) or in Populus trichocarpa (Critchfield 1960) . 140 141
Here we investigated the transmission of epigenetic marks at the DNA methylation 142 level using a recently completely sequenced apple doubled-haploid Golden Delicious line 143 (GDDH13) (Lespinasse et al. 1999 ; Daccord et al. 2017) . Taking advantage of this unique  144 genetic material, we compared the effect of sexual and asexual multiplication at the 145 phenotypic, gene transcription and DNA methylation levels. We present evidence that 146 genome-wide DNA methylation levels are stable in apple independently of its multiplication 147 mode. However, specific local variations in DNA methylation patterns involved in the 148 regulation of key plant-specific gene regulatory networks such as photosynthesis were found 149 and provide the basis for future studies on the role of epigenetics in tree aging. 150
Results

151
Phenotypic comparison of seedlings, young grafts and adult trees 152 We found that the GDDH13 doubled haploid apple showed a relatively high self-153 compatibility level as compared to the original 'Golden Delicious' variety from which it was 154 derived. To prevent outcrossing and to produce self-fertilized GDDH13 seeds we covered 155 trees with insect-and wind-proof cages during blooming time. Then we deployed 156 bumblebees in the cages resulting in the production of hundreds of self-fertilized seeds. This 157
unique material allowed us to study genetically identical seedlings and grafted plantlets 158 derived from the very same parental tree. For that purpose, we simultaneously planted 159 seedlings and grafted budwood from GDDH13 to ensure that the growing plants were of 160 comparable size. 161 162
First, we studied the phenotypic differences between parental tree, grafts and seedlings on 163 leaf samples in order to assess if the plants were in a juvenile or adult phase. Trichome 164 density was the most noticeable phenotypic difference ( Fig. 1 In order to describe the gene regulatory mechanisms that may be underlying the observed 170 phenotypic differences, we carried out transcriptomic analyses. 171 172
Transcriptional profiles of seedlings, young grafts and adult trees 173
In order to identify genes related to the juvenile phenotype or genes displaying differential 174 transcription levels in response to grafting, we performed a set of differential gene 175 transcription analyses. We assessed steady state RNA levels by performing the following two 176 comparisons: Tree versus Seedling (TvS) and Tree versus Graft (TvG). Transcriptomes were 177 obtained using a custom-designed microarray that includes probes from all annotated 178 GDDH13 genes and a fraction of TEs. We identified 6.943 and 7.353 differentially expressed 179 transcripts (DETs) for TvS and TvG, respectively. Of these DETs, 5.695 were annotated as 180 genes (DEGs) in TvS and 4.996 in TvG ( Fig. 2A ). In total these DEGs include 13,5% of all 181 annotated gene on the microarray for TvS and 11,8% for TvG ( Fig. 2A ). For transcripts 182 annotated as TEs, we identified 1.248 and 2.357 differentially expressed TEs (DETEs) in the 183
TvS and TvG comparisons, respectively ( Fig. 2B ). These represent 5% of all annotated TEs on 184 the microarray for TvS and 6,6% for TvG ( Fig. 2B ). 185 186
Overall, DEGs displayed a tendency towards down regulation in Tree compared to Seedling 187
and Graft ( Fig. 2A ). However, for TEs only the TvG comparison followed the same pattern, 188 since up-and down-regulated TEs were more equally distributed in the common DETEs 189 group. DETEs specific to TvS displayed a tendency to be up regulated in Tree. 190 191
Focusing on the common DEGs between TvS and TvG, we observed two groups ( Fig. 2A Altogether, our analyses show that the two sexual and asexual tree propagation methods 225 investigated here had a significant effect on gene and TE transcription in GDDH13.
227
Global DNA methylation analysis of seedlings, young grafts and adult trees 228
To investigate how DNA methylation marks are transmitted through mitosis as compared to 229 meiosis, we assessed the DNA methylation levels in Seedling, Graft and Tree samples at the 230 genome-wide level by using whole genome bisulfite sequencing (WGBS). First, we compared 231 the genome-wide DNA methylation levels at cytosines in the three sequence contexts (CG, 232 CHG, CHH). Our primary investigation indicated that there was no significant difference in 233 cytosine methylations averages, in any of the contexts, among the tested samples ( Fig. 4A ). 234
Next, we computed and identified differentially methylated regions (DMR) between Seedling, 235
Graft and Tree. Overall, we identified 229.033 DMRs in TvS and 154.370 in TvG ( Fig 4B) . We 236 also investigated DMRs close to genes (Gene-DMRs) or TEs (TE-DMRs). These DMRs are 237 defined by their relative proximity to genes or TEs. For this purpose, we selected DMRs 238 located within 2.000 bp in 3' or 5' of annotated genes or TEs. We identified 48.651 and 239
18.789 Gene-DMRs in TvS and TvG, respectively. For TE, we identified 124.025 and 97.330 240 TE-DMRs in TvS and TvG, respectively ( Fig. 4B ). 241 We found that in each comparison, in genes, TEs or other genomic loci, DMRs were largely 242 hypermethylated in Tree (Fig. 4B ). Indeed 89% and 61% of DMRs in the three contexts were 243 hypermethylated in TvS and in TvG respectively. Moreover, a vast majority of DMRs were 244 identified in the CHH context (95% and 99% in TvG and TvS, respectively; Tab. 1). Overall, 245
DMRs tended to be hypermethylated in Tree in the CHH context (90% in TvS and 63% in TvG) 246 and hypomethylated in Tree in the CG and CHG contexts (93% in TvS and 92% in TvG) (Tab. 247 1). To identify whether DMRs were equally distributed along the genome, or were regrouped 248 within hot spots, we computed the DMR density for the individual contexts as shown in Fig.  249 4C. Overall, we found that DMRs to be equally distributed all along the apple chromosomes, 250
with some regions displaying a higher enrichment ( Fig. 4C , red boxes). 251 252
In order to quantify and compare DNA methylation levels we compared DNA methylation 253 changes (δmC) within DMRs in each sequence context ( Fig. 5 ). Overall, we identified 254 significant differences in δmC for the CHG and CHH and not for the CG sequence contexts. 255
Interestingly, in the CHG context, the δmC value was higher in TvG (9.8%) than in TvS (5.4%) 256
for hypermethylated DMRs in Tree. For hypomethylated DMRs in Tree, the δmC value was 257 higher in TvS (9.6%) than in TvG (8.1%). In the CHH context, we observed that the δmC value 258 was higher in TvS (5.8%) than in TvG (4.9%) for hypermethylated DMRs in Tree, and lower in 259
TvS (3%) than in TvG (5.8%) for hypomethylated DMRs in Tree. From these results, we 260
conclude that the transmission of cytosine methylation from Tree to Seed is different to the 261 one from Tree to Graft depending on the cytosine sequence context. 262 263
For DMRs located in genic regions (Gene-DMRs, Fig. 5 While studying the DNA methylation changes, we found that in the CG and CHH contexts, 273
the δmC values of hypomethylated Gene-DMRs were smaller in TvS (3.0 and 4.2% 274 respectively) than in TvG (4.8 and 8.2% respectively). However, for hypomethylated Gene-275
DMRs in the CHG and CHH contexts in Tree the δmC value was higher in TvS (8.0 and 7.7% 276 respectively) than in TvG (5.8 and 8.2% respectively) following the overall trend observed for 277
All-DMRs. These observations indicate towards a contrasted sequence context specific 278 pattern of DNA methylation differences. 279 280
For DMRs located in TE annotations (TE-DMRs, Fig. 5 ), our observations were similar to the 281 results for Gene-DMRs. Overall most TE-DMRs were hypomethylated in Tree in the CG (76% 282
for TvS and 88% for TvG) and CHG (65% for TvS and 77% for TvG) contexts, and 283 hypermethylated in the CHH (87% for TvS and 64% for TvG) context. We did not find 284 significant differences in δmC values for the CG context. For TEs, the δmC value of 285 hypermethylated TE-DMRs was smaller in TvS (6.2 and 5.6% respectively) than in TvG (10.3 286 and 6.5% respectively) and higher for hypomethylated TE-DMRs in TvS (10.4 and 6.2% 287 respectively) as opposed to TvG (8.4 and 6.0% respectively). 288 289
Even though there were no strong global differences in DNA methylation level between the 290 samples analyzed here, we found significant local differences. The majority of DMRs were in 291 the CHH context with a tendency to be hypermethylated in Tree. 292 293
Classes of genes enriched with DMRs 294
To identify genes belonging to particular functional categories and presenting DMRs in their 295 proximity, we used the aforementioned GDDH13 annotation in MapMan and the TE 296 annotation as previously used in our transcriptomic analysis. Here we only considered Gene-297
DMRs and TE-DMRs in the CHH context. We excluded DMRs associated with the CG and CHG 298 context here analysis due of their very limited number ( Supplemental Tables S2 and S3 ). For 299 the following, we termed as DEG-DMRs genes that we found to be differentially transcribed 300
and containing or being close to DMRs. Similarly, TEs identified as DETEs and being 301 associated with TE-DMRs were termed DETE-DMRs. 302 303
As expected, we found the seven classes that we previously identified in DEGs analysis: RNA 304 biosynthesis, protein modification, enzyme family, protein degradation, solute transport, 305 photosynthesis and protein biosynthesis ( Fig. 6A ). We did not find differences in the 306 proportion of gene classes between TvS and TvG. 307
For DETE-DMRs ( Fig. 6C ) we observed a smaller proportion of Class I TEs in TvG (57,4%) 308 compared to TvS (77,7%), while for class II TEs we found 35.4% for TvG and 15.5% for TvS. 309 310
Relationship between DNA methylation and transcription 311
Next, we associated Gene-and TE-DMRs to our microarray transcriptome data and the 312 aforementioned gene classes are defined according to the Mapman annotation of genes and 313 to the TE annotation previously used to analyze DEGs and DETEs. For this analysis we applied 314 a threshold and kept only transcripts with differential expression ratios above 1.5 and below 315 -1.5 in order to better identified pathways or genes to work with. 316 We found 520 DEG-DMRs in TvS and 115 DEG-DMRs in TvG ( Fig. 6C ), 35 DETE-DMRs in TvS 317
and 38 DETE-DMRs in TvG ( Fig. 6D ). We investigated genes and TEs classes' repartition for 318 DEG-and DETE-DMRs. Of the eleven classes found in DEGs analysis ( Fig. 3A) , here, we found 319 only six gene classes representing only slightly more than 5% of all DEG-DMRs. These 320
including the classes photosynthesis, RNA biosynthesis, enzyme family, protein biosynthesis, 321
RNA processing and cytoskeleton ( Fig.6B ). 322 We did not observe notable shifts within the classes' repartition between TvS an TvG for 323 DETE-DMRs ( Fig. 6D ). 324
Finally, we investigated the link between DMRs and DEGs. As previously we only considered 325 DEG-DMR in the CHH context because of the low number of DEG-DMR we found in the CG 326 and CHG context. We noticed that in both comparisons the majority of DMRs in DEG-DMRs 327
were located in gene promoters (539 for TvS and 114 for TvG), followed by terminator 328 region (284 for TvS and 58 for TvG) finally followed by those present in gene bodies (139 for 329
TvS and 42 for TvG) (Fig. 7A, 7B . See examples of these DEG-DMRs in Supplemental fig. S2 ). 330
Our data also indicate that, independently of the DMR position relative to a gene, 331
hypermethylated DMRs were associated with a gene down-transcription in the Tree sample 332 ( Fig. 7A & B) . 333
Among the classes of differentially transcribed genes associated with DMRs, we observed 334 that genes associated with photosynthesis were mostly both hypermethylated and 335 downregulated in the Tree sample. Indeed 92% of Gene-DMRs associated to photosynthesis 336 pathway present this pattern in TvS and 100% of them in TvG. 337 Our results indicate that in the CHH context, hypermethylation of a DNA sequence in the 338 proximity of a gene reduce the level of transcription of that particular gene. 339 340
Discussion
341
Newly grafted plants are at an intermediate state between adult tree and juvenile seedling 342
Phenotypic differences between juvenile and adult plants are commonly observed at the leaf 343 level (Lavee et al. 1996) . In our study we observed that leaves of seedlings displayed a low 344 trichome density compared to grafted plants and to the donor tree ( Fig. 1 ). As previously 345
reported by others, this phenotype can be associated to the juvenile phase (Basheer-Salimia 346 2007) and the grafted plant seems thus closer to the adult tree than to the juvenile seedling 347 from that point of view. Nonetheless, newly grafted plants show a contrasted ability to 348 flower. In the grafting process, a mature bud (able to flower or quiescent) is placed on a 349 short-rooted stem (rootstock). The number of nodes between the apical bud and the 350 rootstock is drastically reduced to 1 or 2 nodes. After their first year of growth, buds are in a 351 mature adult state but are unable to initiate flowers and to bear fruits because of an 352 insufficient number of nodes (less than 77) in the stem, a limit previously described as a 353 transition phase between juvenile and adult apple tree (Zimmerman 1973 and is known as a physiological process subjected to many modifications from juvenile to 383 mature phase (Greenwood 1995 Trees compared to Seedlings or Grafts (Fig. 7) . This was particularly the case for 405 photosynthesis related genes (Fig. 7) . Our data indicate thus that cytosine methylation in 406
the CHH context seems to be involved in regulating the transcription of these genes. 407 We did not only observe local changes in DNA methylation, but also contrasted levels of DNA 408 methylation changes (δmC). Indeed, we found significant differences at the δmC level 409 between both comparisons, particularly in the CHG and CHH contexts (Fig. 5 ). For 410 methylation in the CHH context, we observed that, even if the difference in δmC was 411 significant between TvS and TvG, it is not very high between the comparisons but also within 412 comparisons. Indeed, the highest δmC was on average above 8% for hypomethylated Gene-413
DMRs in TvG. But we also found that this relatively small methylation variation was enough 414
to find relationship with gene transcription changes ( Fig. 7) . 415 416
Conclusion
417
In this study we compared the transmission of epigenetic marks and their potential effects 418 on transcription during sexual and asexual reproduction in apple. 419
First, we identified a phenotypic change (Fig. 8 ) that was associated with adult plant phase 420
and confirmed that grafting is not comparable to a complete rejuvenation process, as 421 observed in seedlings. In our transcriptomic analysis we showed gene level transcription 422 differences of the tree compared to seedlings and grafts (Fig. 8) . In particular, we found that 423 the transcription level of genes related to photosynthesis was relatively high in seedlings 424 compared to the tree, while newly grafted plants displaying an intermediate transcription 425
level (Fig. 8) . 426 Analysis of the methylation data indicated that at the genome scale, the level of methylation 427 in all three samples was similar. However, we were able to identify DMRs particularly in the 428 CHH context. This result indicates that methylation reprogramming during meiosis may not 429 affect the global methylation level of the genome, but rather modify particular regions of the 430 genome, presumably allowing the seedling to increase its competitiveness. This observation 431 was particularly striking regarding genes associated with photosynthesis. As found in 432 transcriptomic analysis, the methylome data indicated that grafted plants were at the 433 interphase between the tree and the seedlings. 434
Globally, our results indicate that, from a physiological, transcriptomic and epigenomic 435 standpoint, newly grafted plants are at the interphase between a tree and a seedling, 436
displaying characteristics that are particular to both the mature and the young immature 437 stages of the plant. 438
Materials and Methods 439
Plant material 440
Malus domestica materials were obtained from 'GDDH13' (Lespinasse et al. 1999 ) line 441 (X9273). Grafted plant (called "Graft" in this paper) materials were obtained by grafting 442 budwood of 'GDDH13' orchard tree (2001) on the rootstock 'MM106'. Seedling materials 443
(called "Seedling" in this paper) were obtained by self-fertilization of 'GDDH13' tree in 2017. 444
Seed dormancy was removed by 3 months of cold stratification before sowing. Homozygous 445 state of seedling was confirmed by PCR, using SSR markers on the seedling samples used in 446 this work. A clone of the original 'GDDH13' from orchard, grafted onto an MM106 rootstock 447 in 2007 and placed in the greenhouse in 2016 was used as reference mature adult tree 448
(called "Tree" in this paper The youngest and completely opened leaf was sampled for each replicate. Sampling was 466 performed as described in Table S4 . The DNA was extracted using NucleoSpin Plant II kit 467 (Macherey-Nagel, Hoerdt, France). The manufacturer's recommendations were applied with 468 the next modifications: at step 2a PL1 buffer quantity was raised to 800µL and PVP40 was 469 added at 3% of final volume, suspension was then incubated 30min at 65°C under agitation. 470
The lysate solution was centrifuged 2min at 11000g before transferring the supernatant in 471 step 3. At step 4 PC buffer was raised to 900µL. In step 6 the first wash was decreased to 472 600µL and the third wash was raised to 300µL. An extra-centrifuge step was added after 473 washing to remove ethanol waste from the column. In step 7 DNA was eluted twice in 55µL 474 in total. The RNA was extracted using the NucleoSpin® RNA kit (Macherey-Nagel, Hoerdt, 475
France) according the manufacturer's protocol. 476 477
Bisulfite sequencing and DMRs calling 478
Extracted DNA was precipitated in pure ethanol (70%), water (24%) and NaAc 3M (3% Extraction 11.5 software was used to extract pair-data files from the scanned images. We 505 used the dye switch approach for statistical analysis as described in Depuydt et al., (2009) . 506
Analyses were performed using the R language (R Development Core Team, 2009); data 507
were normalized with the lowess method, and differential transcription analyses were 508 performed using the lmFit function and the Bayes moderated t test using the package 509 LIMMA (Smyth, Michaud, and Scott 2005 in 50 kb windows on the GDDH13 genome for TvS (see supplemental figure S1 for TvG). In 622 red, DMRs in the CG context, in blue for the CHG context and in orange the CHH context. 623
Each point represents the number of DMRs in a 50kb window of the genome. Red dashed 624
boxes indicate the presence of DMR hot spots. 625 SDA (standard deviation average) in accordance to a fixed threshold (Table S2 ). Student test 630 was performed to evaluate differences in δmC, results are represented by an asterix 631 depending on the p-value threshold: *: 5%; **: 1%; ***: 1‰. δmC: delta of methylation. The 632
Tree sample was taken as reference to define the hyper-or hypomethylated state of DMRs. 633 and (D) we only considered DEGs and DETEs with differential transcription ratio greater than 638 1.5 in absolute value. Gene classes representing less than 5% (A) or 10% (B) of the total in 639 the three conditions were summed up in "other class". 640 (Table S2) . Student test was performed to evaluate differences in δmC, results are represented by an asterix depending on the p-value threshold: *: 5%; **: 1%; ***: 1‰. δmC: delta of methylation. The Tree sample was taken as reference to define the hyper-or hypomethylated state of DMRs. 
